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Al\ S’l’ltACrl’

A dcmonslralion  imaging spcc.tromctcr using a liquid  crystal tanab]c  filter (1 ,0’1:) was bail[ and tested on a hot air balloon
plal form. The 1 .Crl’l( is a Wnablc polarization inkxfc.rcmcc or 1 ,yot fil[cr]. 1 ‘k 1 .C’lli cnabks  a small, ligh[  wcigh[,  low power,
band scqacn(ial in~aging spcclromctcr  cicsign. An overview of tlm prototype systcm is give.n along with a description of
balloon cxpcrimcnt  malts. System nmticl  pcrformanc.c.  prcdicticms  arc given for a fu[arc  1 C’I’F’ based imaging spcdromctcr
dc.sigll.  Syslm cicsign  considerations of 1 C’]’}; imaging spcdmnctc.rs  arc. ciiscasscd.

1. IN’I’l<OI)LJ(:’J’ION”

An imaging spcctromctcr  is a sensor that collects ra(iiomclrically  accaratc  images in many c.ontigaom spcdral  bantls2. It
prdams  an image cabc with two spatial (iimcnsions  and onc spcmal  di mcmsion. I’hc three basic t ypcs of imaging
spc.clromclc.rs  arc classified by the way tlm image cabc is cdlcctcd.  ‘1’hc, whisk broom dc.sign  u.sc.s line arrays to collc.ct SCM of
spc,ctral  ciala for sc,qucnlial spatial pixc] samples; producing data lha[ is nalarall  y band intcr]cavcd  by pixel (111P) formal, ‘J ‘Ic
pashbrorm  cic.sign mcs area array ciclcttorx  10 collccl  a set of spc.ctral  dala for an c.ntirc line of spalial samples; producing a
formal  that is naturally band intcrlcavc(i  by line (BII, ) formal. ‘1’iw framing camera, Nscs  area arrays to cdicct a two
dimcnsicmai image in scqucn[ial  spectral bands; pmtiacing  a nataral band scqucnlial  image. (BSQ)  format. “1 ‘his paper
inlrociaccs  a framing camera type imaging spcc.tromc.lc.r  based on a Iiqui(i  cryslal tanabk  filter (1.0 ‘I ‘).

in tbc. past, mal( ispc.ctral  imagcrs have bc,cn bailt that place a limited number of bandpass  filters in the optical palil  of an
imaging c.amc.ra,  l’hcsc  sensors were not consi(icrcd imaging spcctromctc.rs (iuc to their 1 imi[c(i  nun~bcr  of spcclral bands,
~cccJlll  y, Illnab]c  fiilcrs have. been cicvc]opcd thal avoid tilis ]imital ion. T’hcy  inc]aric  lhc acouslo-oplical  tanabk  filtc.r
(A03’11’)  an(i the liquid  crystal tanab]c  fiitcr (1 ,C’J’}1’).  “1’hc main acivanlagcs  of the A(YI’};  incladc tanin~ spcmis  on the or(ic.r of
microsc.con(is  and very narfow  spcclrai rc.solalion over a wide range of wavclcnfghsc ‘1 ‘hc (ii sacivanlagcs  inclucic the
rcquircmcnt  for a RF gcncralor,  limitc(i choice in spc,ctrai  rcsolation  vcrsas throughput track-off, and image. dis[orlirms  that
vary will) wavelength. l’hc 1.CH’F  compares favorab] y to ti~c AO’i’1  I’ in all cakgorics.  In general, 1 Cl ‘J;s arc compac.1, capab]c
of large apcrlum and a large optical field-of-view, have. low wavcfronl  riistorlion,  rcqa irc low powc.r, an(i provitic  random
access c.lcclronic tuning wili~ millisecond tarring spcc,(is. ‘1’hc bandwicitil is gcmcraliy conslant in wave.number space, althoagh
limited ban(iwid[h  tuning is feasible.

AT) 1 C’1’}1’ imaging spcctromctcr  takes advanlagc  of these atlribalc,s in that compacl, low mass, low powc.r’,  robusl cicsigns  arc
possible. “J’ilc prolotypc  design prcscnlc{i here. was cicvclopcd in lc.ss than onc month and yet flc.w on tbrcc (iays  of balloon
fligills in c.xlrcmcly cold weather withoal  failure.

2, 1’ROTO’I’YI’lC  SYSTltN~ 1)1X1(;N

2.1 1. C’J’lC cicscriplion

I’hc 1 Cl’}? is a 1 .yot-t ypc polari~.ation  inlcrfcrcncc  fii[cr that uscs ]iqaici c.ryslals to c.ontinamsly  vary the. rctar(iancc of
in(iiviciaal  fil[c.r  slagc.s. A balk rctarcic,r, sach as qaarlz., is usc~i along wilh the liqui(i  crystal to dmbk the. ovc.rali rc.tarriancc
of cacb saccc.ssivc  sla.gc.’1  ‘Jm rcsalt  is a narrow banci fiitcr that is clc.clricali y tunable over a wiric  spcmal  range..

‘] ‘lm fiitc.r  asc,(i in this cxpc.rimcmt is a prolot  pc six- slagc ric.vice cicmiopc.ti  by Cambridge Rc,scarch,  Inc.. in sapporl of a
{Small IIusincss Innovative Rcscarcil Contract- , 11 i~as a spcclral  rmgc bclwcm  430 and 680 nanomctc.rs.  Iiigurc. 1 shows lhc
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b:ind shape of the, filter for sclcmd wavelengths. “1’hc transmi[lancc  ranges bc.twccn  8% and 17% for unpolar’iml  lighL  ‘I ‘hc
bandwidth of the fil[cr, varies bctwccm 30 and 50 m, as shown in F’igurc 2, and is quadratic function of wavdcng[h.  The
clear apcrlurc  of the clcvicc is 18 millimclcrs and is about as Lhid as it is wide. ‘1’hc, optical quality is bcttc.r than Icnlh wave as

measured a[ 633 mn. q’hc ficki-of-view is 6 dcgrem; it is dcfind as the half-aaglc  at which the c.enter wavckmglh  shifts by
one> tca[h of the fillc.r  banclwicilh.
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I{igurc  2. Curve fit of full width al half maximum
bandwidths of 6- s[agc  prototype 1,C’1’h’,

‘]’hc tuning  of the six filter stages is coordinated by an crnbcddcd micro-processor using look-up table values. lntcmcdialc
wavc,lcmgqh  values arc intcrpda[cd  to yiclcl continuous tuning. ~’cmpcralure ccrmpcmsation  is achieved by adjusting  thc,sc
valuc,s to null out tcmpcralurc  dc.pcmclcnl  rctardancc in the. liquid  cryslal  and bulk quarlz. T’uning  is 50 millisccords for
random acc.css  bctwccn  any two filter wavelengths. Command of the filter is through an RS- 2.32 iotcrfacc,  using a simple
command language.

2.2 l’rotolype imaging spmdromclcr  description

‘1’hc hot air balloon platform and operational constraints maric ncccssary a simple, robust clcsign. An] bicn( lcmpcrat urcs
during flight were cxpcclcd 10 bc as low as -2.0 ‘C. A gasoline powcrc(l g,cmrator supplied up to 2 amps of 110 voll,  60 cycle
power. }Iccausc future flights without the generator were planned, all cquipnlcnt  was cxpcc[cd to opcralc  from ballcrics  as
Well .

A layout of the 1 Cl ’11’ camera head assembly is shown in l(igurc  3. ‘1’hc 1.0 ‘F’ is mounted in fmnl of a nlonochromatic  Sony
XC-77  CCD vidcn camera with  a 50 millimc.tcr  Nikkor lens. ~’hc camera electronics arc configured for linc,ar response 10
lighl with automatic gain control and gamma disabled, ~’hc field-of-view is 7.1 by 9.4 dcgrccs.  An clcdric heating pad
wrapped in a thermal blankcl  kept both the, camera and 1.C’J’J( above their rcspcctivc  5° C low tcmpcraturc, opcraticm limits.
q’hc rcmaintlcr  of the systcm clcclronics  were packed in a small duffel bag

‘1’hc, block diagram for the systcm is shown in Uigur’c  4. An }1 P 951 ,X palmtop compu(cr running a BASIC  program is used to
inilialim the fil[c.r, command a sc.qucncc of 1 ,0’}: ccntcr wavclcmglhs,  and to wrilc ancillary data to a Ilori(a S0’-50 viclco
tiller. ‘1’hc. signal from lhc (XX) camera is passed through the video tiller so that the currcmt 1 Cl ‘l; wavelength appears in the
corner of the viclc.o  image,. The virico  signal is rccorcicd on a Sony GV-M20 8 n]illimclcr vitlco  tape rccorclcr (Vrl ‘R). ‘I”hc
V’I’R also providc,s an 1.CII  image display which is used when adjusling  Ihc camera lc.ns apc.rlurc, focus, and poin[ing.  ‘1’hc
to[al system mass is 4.5 Kilograms, ‘1’hc power consumption of [hc sys[cm, not including tlm clcclric  healing pad is 16 walls,
10 milliwatts of which is dissipated in the 1 .C’l’l(.

‘1 ‘IN command program steps Lhc filter bctwccn 430 and 680 nanometers in 1() nanometer incrc.mcnts, first quickly covering
the range. in aboul 2 scconcls, ancl then more slowly, covering the range in aboul 20 seconds “1’hc. fast-slow cycle is rcpcale(i
un[il  intc.rruplcd by command. ‘1 ‘his provides multiple opporumitics  to focus, adjust the apcrlurc,  and point withoul  having
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adjusl syslm  clcdronics or cntc,r furthc,r commands. WavcJcng[h, time, tc.rnpcra(mc and cycle. nwnbcr  arc continuously
updalcxi  to ti)c vi(ico  tiller.

Af[cr flight, the vkico  images arc digitizcri using a Scion 1 G-3 frame grabber card in a Macintosh IIx computer and
procc.sscd  using ]magc,  an National lnstilntc, of }Icalth  (ic.vciopcd soflwarc  package!.

]’igurc3.1,ayoulof10 ‘l; camera iwad asscmldy
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3. IIAI,I,()()N  llXIWRIMlt Nrl’  1{1;S[11  :1’S

3.1 Flighl opcmlions

‘1 ‘he hoi air’ balloon HJXY’ilnNl(  was dcsignd 10 cicmonslrale lhc fcasihilil y of using hot air baliocrns  for military and Scic.ntific
ICSI app] icalions. II consistd of flying a number of cxpcrin~cnla]  payloads at al[itutics  bclwccm 1(X) and 300 mclcrs above.
ground, l’ligh(s with the pr’otolypc 1,C’I’F imaging spcdromctcr  wcm conduc[c,d  on lhrct. conscc.u[ivc days in January of 1993
al [hc l)ugway Proving Grouncis in Utah. Pointing was cionc manually bctamsc a slabilid poinling  syslcm, still UTIdCI
dcvclopmcnt  by Ihc Air Force, was not rc,aciy in Iimc  for the. flight,

‘l’tic. camera hc.ad asscrnbly  was suspcmdc4~ from the. gondola supcrstr’uc.lure and slcadicd  by leaning againsl the rim of the
gon(io]a, Under calm conditions this lca(i to a point ing slabi] ity of no bcltc.r than onc dc.grw over a slow spcclral scan cycle,
‘1’hc. lens apc.rlurc,  of lhc canlc.ra was sloppcci  rjown to f/16 10 avoid salurat ion al Ihc 570 nanomc.lcr channd,  ‘1 ‘hc healing pad
IWIJL  the camc,ra and 1,C’1’l; at a fairly s(cady  25° C wi(h cx(craa] tcmpcra(urcs  typically around -10° C, All systems pc.rforjncd
flawlcss]y  during flight.

3.2, l)aia  Reduction

IMt a rcduclion  consislcd of ciigilizillg a scl of spcllral  channcis  from scicclcd data runs and formatl  ing, them in[o a 2,5  layc,r
image slack. ‘J’hc frames from a spcclral cydc wc.rc ciigilizcd  from lhc. playback of the V’1’R using Ihc wavclcnglh  litlc.
information to idc.ntify  the spcclral band, A spc,c.trurn was cxtraclcd  from the slack by manually stepping through cad layc.r
and Sdc.cling  pixc,] data rcfc.rcmccd  by some, spatial fc.alurc. Spc,ctral  analysis was then pcrformc.d  using a sprc.acis}wct
pro~ram.

3.3 l)altt analysis

‘1’hc geometric rcctificat ion of ~hc spwdral cia(a, while. primitive, is fair] y c,asy  to in~plcmc.  nt, ‘1 ‘hc rcla~ionship bctwccm
d i ffc.rent spectral franlcs can bc spcc.ificd by a rotation and two spatial paran~c[c.rs  for each frame as has bcm  cicrnonswalcd
wilh Iransparcmcic,s of the irnagc dala, ‘1’his tcchniquc, howc,vc.r, dots not adcircss  changc,s  in the seem during the spc.ctral  scan
pcr’iod. }im’ example, a J)CJSOI)  walking along the tarmac during a spc.ctral cycle is c.vidcnt in onc image stack, ‘1 ‘hc sccnc,
motion during the. 2.- scc.crncl  fast scans is nluch lc.ss of a problcm.
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l;igurc 5, Rdicdancc, spectra from targcls  al Michac] Army 1 Iigurc 6.1 C1’11’  Rflcdancc  spc.ctra from color phomgraph
Air ]Wi, image.

‘1 ‘Im calibration to rcficdmcc is shown for ciat a collcctcd over the. larmac at MichacJ Army Air 1 ~icl(i. l)ata  was c.xtract cci from
Iim roofs of tlmc vc.hic]cs, two areas of snow, an(i a portion of bare concrctc..  Using the approximation ti)at snow has a
rcflcclancc.  of unity, inslrrrmcnl  rc<sponsc  was calihralcd by (iivi(iing  by the snow response. spectrum. ‘1 ‘hc results arc shown in
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ljigurc 5. Unforkmatc]y  the available targcls turnc.. OUI to have rcla(ivcly  dull spcclt’al features, As a c.heck reality c.heck, two
sc~)aratc snow areas arc raticd, Dcparlurcs from unity  arc at(ribu[cct 10 variations in sun glint,

‘1’hc dynamic range of the ciala is scvcmly limilcd by lhc 8- bit ciigilizcr,  ‘1’his cspcc.ially limits lhc spectral c.banncls  with low
signal lCVCI  (iuc to 1,C’J’J;  and camera response variations. ‘1 ‘hc V-l ‘J{ rccorci/playback  procc,ss  adds scan tine pat (era noise and
(ic.gradcx spatial resolution. ‘t’hcsc limitations arc howc.vc.r, arc ad fun(iamcnial  LO ho syskm  concept, Using an aslronomy
~ra(ic CCI~ and data syslc.rn  10 match woulci greatly improve performance.

“I”o demonstrate this, data was also collcctcxi from a colorful photograph usd as a demonstration target, AT1 average of 64
vicico frames for each spectral channc] was (iirccll y digiti~,c.d  in orckr  [o simulate. a higlmr  pc,rfornmm  systcm, Again, a
simple calibralioa  to )dicctaacc  was accomplished by dividing colord  pixds by whi[c  pixc.] signal. llcfic~tancc  spczka from
lilis image. arc shown in Figure. 6.

Spectra] stability, while not dircctiy mcasurc(i  in this cxpcrinwnt,  has km investigated with pc.rioriic n]casumncnts  of tile
1 C’1’}1’  band sbapc.s  cm a spcc.tropbotomcmr.

4. SYS’1’JOVI  MOI)lC1.  ING

A sysicm model of a gcmcralizcxl 1,0 ‘f; imaging spcctromc[cr  was conswactc.d to aid in future. ticsign c. fforts.  lnpu~
paramclcrs include, for 1 .C’J’11’S: band shape (and transmiltancc)  versus wavclcng[h and tuning spccxi;  for the optics: f/nunlbcr
anti spectral transmillancc.;  for ti}c (ic.tcclor: pixc,l area, quantum c. fficicmy, read noise, dark currc,nl, (iigilizal ion ]c.vc.i,  frarnc,
rca(i-ou[ ralc and integration tin]c,. I’hc input sccnc  is a lambc.rlian targc[ illun]inatcd  by a 5900 KcJvin blat.kbmiy.

‘1’hc.  mo(icl  was used to prcdic.t  signal to noise ratio (SNR)  performance for a five nanomclcr  resolution 1 Cl ‘}1’ imaging
spcclron~c,tcr using commercial 1 y available componcmts. ‘1 ‘hc 1 Cl ‘Ii is n~ociclcd as a S nm bancipass  filter at 5(KI llm
wavcknglh  opcrat ing, from 400 to 750 rims. I’cak transmission of (I]c fiitc.r is c.s[imatcd  to vary in a ]incar fashion bctwcm  6%
al 400 nm and 20n/0 at 750 nm, F/4 optics an(i a 256 by 2.56 Rcticon  silicon focal p]anc. array arc usc.d to (ic,tcrminc.  Ihc,
remaining paramctc.rs.
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l~igurc 7. lntcgralion  tin]c  required to achicvc cmstanl l;igurc. 8. SNR mo(icl of 5 am rcso]a[ion 1.C1’1: imaging
SNR across spcmum. spc.c.tromctc.r  for 100%, 50% anti 1 O% rcflcmmcc..

A unique atlributc of Lhc band sequential type of imaging spcctromctcr  is the abilily to achic,vc constant SNR versus
wavclcng[h  by varying integration time. I’hc, sys(cm  mocic.1  was uscti  10 sdvc for integration time required to achicvc a given
SNR, “J’hc results arc shown in Figure 7 along wjth  a sccon(i  or(icr  po] ynomirrl curve. fit, “1 ‘Iw fit was ased to cirivc a sccon(i
version of ihc nmicl shown in Pigurc  8. q ‘hc prcdictcLi performance is shown for surface rc.flc.clancc vaiac,s of 100%, 50%
and 1()%. Given tile number of spectral resolution c.lcmcjnts, integration, tuning anti frame rc.aci-out  ti mcs, the mo(icl also
caicwiatcs [i~c lime rcquircci to co]icct  tile. image cube. I/or  tilis  example, the image cube (iimcmsirms arc 256 x 256 spa(ial
sample.s by 70 spc.ctral channc. ]s and is acquird in 12 seconds.
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s. l) ISCUSS1ON

I@cmding  on scicncc  rc.quircmcmls and mission constraints many variations on the above design arc possib]c.  ‘J’hc 1.C’l ‘F’ is
noI limild to a single oclavc of the spcclrum,  although throughput anti bandshapc pcrformanc.c.  arc easier to optimize over
scgmcntcd  spectral rangc,s.  I ,Cl ‘F inlaging  spc.clromclcrs  arc, small enough 10 allow lhc. horcsighling  of mulliplc units, each
covering a porlion  of the required spcctram. 1.C’l’1+  arc currcnlly  available that work out to 2.3 micrometers.

‘J’hc random access nature of the. 1.(3’1; cnab]cs  cxtrcmcly high flexibility in spectral collection schc.mcs.  A fully
programmable collection schcmc  could bc quickly tailorcci to the ncccis of a witic varicly  of dif’fcrcnt  investigators. }1’or
c.xamplc,,  the sensor could bc programmed to quickly swi(ch in and out of absorption fc.atarcs  to relay rc.al-tin~c  information
on lhc motion of atmospheric gases.

Anothc,r possib]c cnhanccmcnt is to acid a polarimctc.r capability to the design. A polarization beam splitter can bc used to
cdlcct Ihc light that is otherwise discarcicd by lhc, first ]inc.ar polarizer of the, 1,(3F, Anolhcr  schcmc would  bc to usc a
tunable half wave retarder as lhc first clcmc.nl of the 1 ,C’J’}; and to alternate hclwccm polarization slates.

Motion within an image during  the time rcquircxi to collect a full image cube, is problcmlatic  wilb all type.s of imar,ing
spcctromclcrs.  Rand scqucm[ial itnaging  spcclromctc.rs can s(ill  rctricvc spcclra from a moving ol~jcz.t as long as it can bc
idcmtificd in each monochromatic slice. Whiskbroom  and pushbroom  designs will (lis(orl or mtircly  miss a moving targc.t
during lhc lime required to collc,ct all spalial samples.

While hand sc,qucmtial imaging spcctromctcrs work best on fixc.ci  mounts, platform motion can bc accommo(iatcd. Motion
c.ompcmsalion,  commonly proposed for spacchornc  push broom image.rs, can bc as si mplc as a mirror  allacbcd to the shaft of a
clcclric  motor, A gyro stabilized pointing mirror coupled with a contrast lrfickcr  would  c.nablc data colicdion from even a
t urbulc.nl aircraft p]al form. 1 ‘t)c framing camera approach lc.ntis itself wcli  to passive motion compensation lcchniqucs. Only
Ihrcc paramc.tcrs  arc. rcqairc(i  to correct each monochromatic frame of data, Roll and pitch translalc 10 cross-track and down-
track displacement while yaw trans]atc.s  to ima~c.  rota[ion.  Whiic rcsampling  places scvcrc demands on rariiomc.tric
calitmtion, framing cmncras arc inhc.re.ntly  bclfcr  for g,c.omc.tric c.aiibration.

6. SUMMARY

An 1,CY1’l; based framing catncra has been (ic.monstratcxi  to bc fc.asib]c  for usc as an imaging spcctromctcr.  ‘1’hc (icsign is
sinll)lc,  robust, compact, light weight, low power, and rc,liahlc. lmagc cubes acquired from a hot air balloon plal form were
proccsscd and spectral data was cx~ractui. (irounti data collcdion  was USC(I to ckmonstratc  higher SNR spc.ctra as a result of
frame averaging, Systcm models prcciict high SNR performance using commercially available c.omponcmts. ‘i’imc  varying
inlcgralion  can bc usc(i to achicvc constant SNR  across lhc S])CCh’11111.  Active or passive molion  compensation is required for
usc on moving  platforms.

‘1’hc work (icscribc(i in this paper was carriccl out at the. Jet Propulsion 1.abora(ory, California lnslitutc  of ‘1’cchnology, under a
contract with the Nalional  Acronau(ics and Space Aciministrat ion.
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